The orientation changes of perpendicular cylindrical microdomains in polystyrene-blockpoly(4-vinylpyridine) (PS-b-P4VP) thin films upon annealing in different solvent vapors were investigated by in situ grazing incidence small-angle X-ray scattering (GISAXS) and ex-situ scanning force microscopy (SFM). The swelling of the P4VP perpendicular cylinders (C⊥) in chloroform, a non-selective solvent vapor leads to the reorientation to in-plane cylinders through a disordered state in a particular kinetic pathway in the phase diagram upon drying. On the other hand, the swelling of the P4VP perpendicular cylinders in a selective solvent vapor (i.e., 1,4-dioxane) induces a morphological transition from cylindrical to ellipsoidal as a transient structure to spherical microdomains; subsequent solvent evaporation resulted in shrinkage of the matrix in the vertical direction, merging the ellipsoidal domains into the perpendicularly aligned cylinders. In this paper, we discussed the mechanism based on the selectivity of the solvent to the constituting blocks that is mainly responsible for the orientation changes.
Introduction
Block copolymers consisting of chemically dissimilar blocks usually self-assemble into microphase-separated domains below the order-disorder transition temperature. [1] [2] [3] [4] This is a thermodynamically driven process that leads to periodic nanoscale structures with length scales ranging from 10 to 100 nanometres. The formation of the microdomain structures in bulk has been extensively studied from both theoretical and experimental points of view and explained by taking into account of interaction energies of blocks, block chain ratios and variations in entropy as a function of chain lengths. [1] [2] [3] [4] [5] [6] [7] [8] Monolayer films of block copolymers have recently received significant attention because of their potential nanofabrication applications, such as nanostructured membranes, 9,10 nanoparticle templates, [11] [12] [13] [14] photovoltaic cells, 15 low-k dielectrics, 16 and high density data storage media. 17 For most of these applications, long-range lateral order and the orientation of the microdomains are of great importance.
In the case of block copolymer thin films, however, film thickness and two types of interfacial interactions (i.e., block copolymer-air surface and block copolymer-substrate interactions) play a crucial role in controlling the orientation and ordering of microdomain structures. [18] [19] [20] A number of strategies including the use of external forces such as electric field, 11, [21] [22] [23] shear force, 24 chemically patterned substrates, 25, 26 directional solidification, 27, 28 supramolecular assembly with small molecules, 29, 30 thermal annealing above glass transition temperatures of both blocks [31] [32] [33] and solvent vapor annealing [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] have been developed to control the orientation and to prepare highly ordered block copolymer thin films on substrates. Among these methods, solvent vapor annealing is a simple and effective method to manipulate the orientation of block copolymer microdomains in thin films. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] Interested readers are referred to recent perspective on solvent vapor annealing of block copolymer thin films reported by Sinturel et al. 44 It is known that the microdomain orientation and long-range order are controlled by parameters of solvent vapor annealing including swelling ratios, a time in the equilibrated swollen state and deswelling rates of block copolymer thin films.
These parameters are dictated by a solvent used for solvent vapor annealing process, i.e., selectivity of the solvent to one of the blocks, vapor pressure and boiling point of the solvent. 44 Most of previous studies on solvent vapor annealing of block copolymer thin films have been done based on surface probing techniques such as scanning force microscopy, scanning electron microscopy or transmission electron microscopy. These techniques give us information about the local structures at the top surface, but it is difficult to reveal the inner structures. Although a cross section of a film allows for probing the interior structures, a lack Considering the importance of a monolayer block copolymer thin film covering on a substrate in nanofabrication, it is necessary to understand their interior microdomain structures during switching between different alignments. 13, 14, 42 Moreover, in order to address a challenge of improving the long range order of microdomains, it is crucial to understand the structural changes during solvent vapor annealing. Grazing-incidence small-angle X-ray scattering (GISAXS) is a powerful tool to assess interior morphologies of thin films quantitatively in the swollen state. 38, 40, 41, 43, 46, 47 Particularly in situ real time GISAXS measurements during solvent annealing (i.e., swelling and deswelling) are quite useful to understand pathways of orientational changes in microdomain structures of block copolymer thin films. For example, Ober and co-workers demonstrated that cylinder-sphere phase transition occurs upon selective solvent vapor annealing of a poly(α-methylstyrene)-b-poly(4-hydroxy styrene) thin film. In this system, the structure in the swollen state was kinetically trapped in the dry state due to fast evaporation of the solvent. 47 In another study, Paik et al.
monitored the real time structural changes occurring in thin films of poly(α-methylstyrene)-bpoly(4-hydroxy styrene) in the swollen state using vapors of selective (acetone) and nonselective solvent (tetrahydrofuran (THF)) using GISAXS. 48 It was demonstrated that the plasticization effect of the solvent vapors (chain mobility) controls the structural reorganizations. Swelling the film containing perpendicularly oriented cylinders with a nonselective solvent (THF) induced the orientation change to parallel cylinders in the dried state, while in the case of a selective solvent (acetone), an order-order transition (cylinder-sphere) occurs instead. 48 In a previous paper, we also reported the cylinder-sphere phase transition upon selective solvent vapor annealing of a polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) thin film. 41 These in situ scattering studies suggest that if the chosen solvent is 
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selective to one of the blocks, the selective swelling of one of constituent blocks induces an order-order transition and the final microdomain structure depends upon the evaporation rate of the solvent. 41, 48 However, the detailed mechanism remains unclear yet, since it is believed to be a kinetic phenomenon largely determined by preparations procedures.
In this study, we aim to understand the mechanism of orientational changes of cylindrical microdomains formed in PS-b-P4VP thin films annealing with both nonselective (chloroform) and selective solvent vapors (1,4-dioxane) by using a combination of in situ GISAXS and ex-situ SFM. PS-b-P4VP is a widely studied block copolymer system for selfassembly and nanofabrication as it possess a high Flory-Huggins interaction parameter at room temperature. 49, 50 Furthermore, it is widely used for the formation of supramolecular thin films, since P4VP can be used effectively for the formation of hydrogen bonding with small molecules. 13, 29, 30 The solubility parameters of chloroform, 1,4-dioxane, PS, and P4VP blocks The 2-dimensional GISAXS patterns were processed using Fit2D free software to convert into 1-dimensional intensity profiles in the q y -q z plane, where q y is the scattering vector parallel to the film surface and q z is the scattering vector perpendicular to the film surface.
Results and Discussion

Solvent vapor annealing of perpendicular cylinders (C⊥ ⊥ ⊥ ⊥) in the nonselective solvent (chloroform):
To explore the pathways of orientation switching from perpendicular to parallel morphology 
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diblock copolymer thin films does not alter the order or orientation of the microdomains. 50, 51 We confirmed that surface reconstruction of 1,4-dioxane vapor annealed film persists the well-developed C⊥ microdomain structure having hexagonal packing with an average centerto-center spacing of 26 ± 2 nm and pore diameter of 8 ± 1 nm. The corresponding fast Fourier transformation images (shown in the inset) support the formation of the ordered hexagonal packing structures at the film surface. These samples were further annealed in chloroform vapor, which is a nonselective solvent for PS-b-P4VP, for different times. However, the order of the parallel cylinders is poor due to the insufficient mobility of the polymer chains in the swollen state. Further increase in the annealing time accelerates the chain mobility, allowing the structure to reach towards the equilibrium morphology (i.e., parallel cylinders). Although the thickness of the film in the swollen state could not be measured directly, we speculate that it increases with annealing time and plays a crucial role in controlling the microdomain orientation. 48, 52 The surface reconstruction of the films 
hexagonal array of cylindrical microdomains oriented normal to the surface that are truncated at the surface. No evidence of (hk) reflections, where k is nonzero, is observed, indicating the perfect orientation of the lattice over the area exposed to the X-ray beam. 17, 41 In fact, we performed further GISAXS experiments and confirmed an apearence of the √3 peak at a specific (in-plane) rotation of the film ( Figure S1 ). In addition, the SFM image supports that the grain size is larger than 1 µm. impart chain mobility as a plasticizer. 56 Many previous studies reported the depression of glass transition temperature of block copolymers under solvent vapor uptake. 43, 48, [57] [58] [59] In addition, absorption of the vapors reduces the effective interaction parameter between the two blocks. Green and co-workers explained the effect of solvent vapors on the phase behavior of block copolymers. 60 According to their study, the effective interaction parameter (χ eff )
between blocks in the presence of low molecular weight component can be approximated to be 
where ϕ is the volume fraction of a block copolymer in the solvent, and ∆χ is the difference between the A-solvent and B-solvent interaction parameters χ A-S and χ B-S . It was assumed that χ A-S and χ B-S are not strongly dependent upon a polymer concentration. In the case of a nonselective solvent, ∆χ ∼ 0 can be reasonably assumed. Hence, uniform swelling of a diblock copolymer in a nonselective solvent vapor leads to a decrease in χ eff N, with N being the total block copolymer length. This shifts χ eff N vertically downward, while f remains constant as shown in Figure 4 , inducing the hexagonally packed C⊥ cylinders to the disordered state (1→2). In the drying process of the swollen film, the χ eff (or χ eff N) increases such that, the disordered structure re-transforms into cylinders (2→3) rapidly within a few seconds. Since the silicon substrate used in this study is hydrophilic, P4VP chains, which have a strong affinity for Si, preferentially adsorb onto the silicon, while PS preferentially migrates at the air/polymer interface because of its low surface energy. 61, 62 Consequently, P4VP domains with the substrate favours the formation of parallel cylinders. The GISAXS image shows two reflections in the Yoneda band, but do not show any Bragg rods with vertical streaks that are characteristic of the C⊥ cylinders. It is worth mentioning here that no ring like features are observed in the GISAXS 2D pattern in the dried sample, which are characterstic feature of radom orientation of parallel cylinders. 63 These results suggest that the parallel cylinders are well ordered at least in the length scale comparable to the coherent length of X-rays (∼ 1 µm). As shown in Fig. 1 , the SFM image validate the presence of such large grains composed of the parallel cylinders in the dried state. In order to understand the changes in the internal structures of the block copolymer thin film upon swelling, out-of-plane GISAXS (intensity vs q z ) line profiles at q y = 0.22 nm -1 extracted from the 2D GISAXS images are shown in Figure 7 . With the progress of 1,4-dioxane vapor annealing time, obvious changes in the swollen state are observed in the out-of-plane GISAXS line profiles: At t=0, no peaks were observed, but after 6 min., a broad peak appeared at around q z = 0.24 nm -1 and its intensity increased with time up to 14 min, as indicated with the arrow in Figure 7 . The appearance of the out-of-plane Bragg reflections in the swollen state is attributed to the formation of a microphase separated structure within the film. After solvent removal, this broad peak almost disappeared and the line profile matches with the profile at t=0, which is typical for the C⊥ cylinders. We postulate that the appearance and disappearance of the peak at q z = 0.24 nm -1 represents the order-order transition of the PS-b-P4VP thin film from cylinders to discrete objects (spheres or ellipsoids, as will be discussed below) in presence of selective solvent vapors. In order to provide insight into the transient structure via the order-order transition, the outof-plane GISAXS line profile for the swollen film in 1,4-dioxane vapors was analysed in detail. Figure 8 shows the out-of-plane line profile where we can see the broad (roll-over) peak at around q z =0.45 nm -1 along with the first-order scattering maximum at q z = 0.24 nm -1 after 12 min. It is reasonable to assume that the first order peak is attributed to the lattice factor, while the roll-over region corresponds to the form factor of the discrete object. For this purpose, we employed a paracrystal theory. The paracrystal analysis compared the experiential scattering profile with the calculated one with a body-centered-cubic lattice with paracrystal distortion. 64, 65 Here we also considered the polydispersity of R given by a Gaussian function:
Where ܴ ത and σ are the average R and corresponding standard deviation, respectively.
However, as shown in Figure 8 , we found that the best-fitted scattering profile for the Taking the deviation from the spherical model at 0.07 < q < 0.1 nm -1 into account, we then assumed that the shape of the transient microdomain unit was ellipsoidal. In fact, Russell and co-workers reported the mechanism of microdomain re-orientation from parallel cylinders to perpendicular cylinders in presence of electric field. 66 The fluctuations caused by the applied electric field break up the parallel cylindrical microdomains into spherical microdomains, and these spherical microdomains then deformed into ellipsoidal domains that reconnected into cylindrical microdomains. Motivated by their results, we assumed that the broad rollover peak is attributed to the form factor of ellipsoids as a result of a transient structure of cylinders in the solvent. The scattering intensity from an ellipsoid of revolution (
with a random orientation is given as follows:
where 
for the minority block P4VP. The effect of a selective solvent is more complicated in diblock copolymer systems because both f and χ eff change. There are intensive reports on order-order transitions in block copolymer systems in presence of selective solvents, 39, 69, 70 or homopolymers, 71, 72 variation of temperature, 67, 68, 73 and the application of external fields, such as electric fields, magnetic fields, and shear flow. [74] [75] [76] When the PS-b-P4VP is swollen by a selective solvent, the χ eff (eq 1) value increases when the absolute value of the difference between PS/1,4-dioxane and P4VP/1,4-dioxane interaction parameters (∆χ) is higher than 0 and/or the volume fraction of the copolymer in 1,4-dioxane (ϕ) decreases. For large swelling, ϕ will dominate, resulting in a decrease in χ eff again. 60 At the same time, 1,4-dioxane has an affinity for PS blocks and changes the volume ratio of the two copolymer blocks.
In the present work, as a result of selective swelling of the PS matrix, the cylindrical microdomains of P4VP deform into the ellipsoidal domains in the swollen state without transition to the disordered state. From the previous scattering study, it was found that the Soft Matter Accepted Manuscript selective solvent. 48 In that case, the spherical morphology was trapped kinetically in the dried state, possibly due to the rapid evaporation of solvent (acetone) used. But in the present work, upon the film shrinkage the ellipsoidal domains are approaching in the direction along the film normal and, finally, coalesce into perpendicular aligned cylinders (2 → 1), which is kinetically preferable. In this way, we found that the selectivity of the solvent to constituting blocks and the solvent evaporation rate are mainly responsible for a particular kinetic pathway in the phase diagram and for the different alignments of the cylindrical microdomains in the PS-b-P4VP thin films. 
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By using the time-resolved in situ GISAXS and ex-situ scanning force microscopy, we have successfully clarified the novel pathways that control the orientations of cylindrical microdomains formed in PS-b-P4VP thin films upon annealing in different solvent vapors.
The selectivity of the solvent to constituting blocks together with the geometry of drying determines the orientation of the cylindrical microdomains with respect to the substrate plane.
Preferential swelling of the PS matrix in vapour of the selective solvent (1,4-dioxane) induces a morphological transition from cylindrical to ellipsoidal as a transient structure to spherical microdomains; subsequent solvent evaporation resulted in shrinkage of the matrix in the vertical direction, merging the ellipsoidal domains into the perpendicularly aligned cylinders.
On the other hand, the swelling of the P4VP perpendicular cylinders (C⊥) in chloroform, a non-selective solvent vapors leads to the reorientation to in-plane cylinders through a disordered state.
